Abstract: Extended coupled-wave analysis of optical parametric chirped-pulse amplification (OPCPA) reveals regimes whereby high-peak-power few-cycle pulses can be generated in the long-wavelength infrared (LWIR) spectral range. Broadband OPCPA in suitable nonlinear crystals pumped at around 2 μm and seeded either through the signal or the idler input is shown to enable the generation of high-power field waveforms with pulse widths shorter than two field cycles within the entire LWIR range. 190-193 (2008). 30. K. L. Vodopyanov, "Parametric generation of tunable infrared radiation in ZnGeP 2 and GaSe pumped at 3 μm,"
Introduction
Technologies enabling the generation of electromagnetic field waveforms as short as a few field cycles are on the cutting edge of modern optical science [1] . Such waveforms offer unique tools to probe and control extremely fast processes in a broad variety of physical, chemical, and biological systems. Ultrafast photonics provides powerful and yet elegant means to generate few-cycle waveforms in the visible, near-infrared, terahertz, and x-ray ranges [2] . The past few years have witnessed an impressive progress toward extending these approaches to the mid-infrared [3, 4] , where few-cycle field waveform generation has always been considered a challenge. Implemented at the very heart of the mid-IR range, at a carrier wavelength of 4 μm [5] [6] [7] , optical parametric chirped pulse amplification (OPCPA) now enables the generation of few-cycle mid-IR field waveforms with peak powers up to the subterawatt level [8] , opening new horizons in x-ray generation [6, 9] , attosecond waveform synthesis [6] , laser filamentation [10, 11] , and remote sensing of the atmosphere [12] . Experiments performed with these sources reveal unique regimes of laser−matter interactions [13] along with unexpected optical properties of materials in the mid-IR [14] .
With short-pulse OPCPA recently extended to carrier wavelengths as long as 7 μm, through a clever combination of a 2-μm pump, fiber-laser-pumped seed based on differencefrequency generation (DFG), and OPCPA in a ZGP crystal [15] , the expansion of ultrafast photonics into the mid-infrared is largely complete. Its immediate neighbor, the longwavelength infrared (LWIR) range, however, is still a hic sunt dracones land. Stretching from 8 to 15 μm, this spectral region is of utmost significance for molecular vibrational spectroscopy [16] , semiconductor optoelectronics [17] , frequency-comb technologies [18] , trace-gas detection [19] , biomedical diagnostics [20] , and food analysis [21] .
Over many decades, CO 2 lasers have dominated the landscape of optical science in this wavelength range. Although they still offer a powerful and versatile tool for numerous applications, CO 2 laser technologies are not immediately compatible with few-cycle waveform photonics as the gain band they provide is too narrow to support few-cycle laser pulses. As a means to address this problem, pulse compression approaches using gas-filled hollow fibers [22] and laser-induced filamentation [23] are being extended to the LWIR range. As an alternative, several suitable nonlinear-optical materials have been shown to enable efficient generation of widely tunable LWIR radiation through optical parametric amplification (OPA), or, for that matter, difference-frequency generation (DFG), allowing the creation of compact all-solid sources of ultrashort pulses in the LWIR [24, 25] . The key question to address now is whether and how these technologies could be extended to enable the generation of few-cycle LWIR pulses at the level of peak powers already attainable in the mid-IR. This question is the main focus of the study presented in this paper.
Broadband OPCPA strategies
Three nonlinear crystals are examined in this work as promising media for OPCPA in the LWIR. The ZnGeP 2 (ZGP) crystal [26] [27] [28] is, perhaps, the most intensely studied nonlinear crystal for parametric wavelength conversion to the long-wavelength part of the mid-IR spectral range. Judging by its absorption spectrum, however, at least by the available data on ZGP absorption [29, 30] , it is unlikely that OPCPA in this material can be pushed toward LWIR generation in the range of wavelengths beyond, roughly, 10 μm [see the blue line in Fig. 1(a) ]. GaSe and AGSe crystals [30] [31] [32] [33] [34] [35] seem to offer much more promise in this regard, as their transparency regions extend way beyond 10 μm [the green and purple lines in Fig.  1(a) ]. OPCPA in ZGP can be phase-matched in the oee polarization arrangement of the pump, signal, and idler waves. In this geometry, ε 1 
2 ) −1/2 , and d eff (θ) = d sin(2θ) with d = 75.4 pm/V, where n o (ω) and n e (ω) are the refractive indices of the ordinary and extraordinary waves with frequency ω. For the eoo arrangement of OPCPA in GaSe, we have ε 1 
, and d eff (θ) = −d cos(θ) with d = −54 pm/V. Finally, OPCPA in AGSe can be phase-matched in the eoo and eoe polarization arrangements, leading to ε 1 (θ,ω) = ((sin θ/n e (ω))
, and d eff (θ) = d sin(θ) with d = 33 pm/V for the eoo geometry and
−1/2 , and d eff (θ) = d sin(2θ) with d = 33 pm/V for the еое arrangement. We consider two schemes of broadband OPCPA in the LWIR range. In the first scheme [scheme I in Fig. 1(b) ], the OPCPA process is seeded through the idler field. Such an approach requires an additional DFG stage to generate the seed field. As a compact, yet efficient solution, such a seed can be delivered, as elegantly shown in [15] , via DFG in a CSP crystal seeded by a Tm, Ho fiber laser.
The second scheme of broadband OPCPA examined in this work [scheme II in Fig. 1(b) ] is seeded through the signal field. This version of OPCPA does not require an additional stage for seed generation since a suitably red-shifted seed can be generated through a frequency broadening of the pump field in the bulk of mid-IR transparent solid or via soliton selffrequency shift in a properly designed optical fiber, e.g., a photonic-crystal fiber [36, 37] .
In both versions of LWIR OPCPA considered in this work, a holmium (Ho: YLF or Ho: YAG) laser is used as a source of pump pulses. When implemented in a scheme with regenerative and single-pass amplification, a Ho: YLF laser with a cw-Tm-fiber-laser pump has been shown [15, 38] to enable the generation of 2.05-μm, 11-ps laser pulses with an energy up to 40 mJ at a pulse repetition rate of 100 Hz. In recent studies [39] [40] [41] [42] [43] , kilohertz Ho: YAG and Ho: YLF laser sources capable of delivering 2.05 -2.10-μm, 1 -3-ps laser pulses with an energy of a few millijoules have been also demonstrated. Laser energies as high as 550 mJ have been achieved in the nanosecond output of holmium laser sources [44, 45] .
Model
Our analysis of broadband OPCPA in the LWIR range is based on a set of coupled equations [24] for the complex amplitudes A j (z, t) of the pump (j = 1), signal (j = 2), and idler (j = 3) waves with central frequencies ω 1 , ω 2 , and ω 3 , respectively, coupled by a ω 1 = ω 2 + ω 3 parametric process,
Here, A j (z, ω) is the Fourier transform of A j (z, t), z is the longitudinal coordinate, t is the time in the retarded frame for references, α(ω) is the absorption,
, θ is the angle between the collinear wave vectors of the pump, signal, and idler fields and the optical axis of a crystal,
, n j is the refractive index at the frequency of the jth field, κ is the mode-overlap integral, P 1 (z,t) = A 2 (z,t)A 3 (z,t), P 2 (z,t) = A 1 (z,t)A 3 *(z,t), P 3 (z,t) = A 1 (z,t)A 2 *(z,t), d eff (θ) and ε j (θ,ω) are the factors whose specific form is determined by the polarization arrangement of the waves involved in OPCPA.
Written in the frequency domain, the set of Eqs.
(1) extends the analysis of OPCPA beyond the standard framework of coupled equations for slowly varying field amplitudes [46] , allowing the transient character of OPCPA of ultrashort pulses to be adequately described. Specifically, the dispersion operator D̃j, appearing in Eq. (1) , not only helps analyze phase-matching and group-delay effects, but also serves to include dispersion effects up to all the orders, which may play a significant role for field waveforms whose pulse widths approach the field cycle. Although nonlinear phase shifts and spatial self-action may become a significant factor, especially for high peak powers of the pump field, these effects are not included in Eq. (1) . With such an approach we seek to identify, through a transparent physical analysis, the key limitations on short-pulse LWIR generation due to the dispersion of nonlinear materials that seem best suited for OPCPA in the LWIR range. While this approximation cannot reproduce all the details of spatiotemporal evolution of ultrashort pulses in nonlinear crystals, it will be shown to be instrumental in providing important physical insights into the OPCPA in the mid-IR and LWIR ranges, often enabling a quantitative description of this process within a broad range of parameter space, including an adequate explanation of milestone experiments on ultrashort-pulse generation near the longwavelength edge of the mid-IR range [15] .
In the case of continuous-wave fields, the set of Eqs.
(1) allows a simple analytical solution [47] :
where
, I j0 is the input intensity of the jth field, and λ j is the wavelength of the jth field.
For an OPCPA scheme seeded through the signal field, Eqs. (2) and (3) lead to the following solutions for the energies of the signal and idler fields:
where W 20 is the input energy of the signal field. A similar solution can be obtained for an OPCPA scheme seeded through the idler field. Obviously, Eqs. (2) and (3) cannot describe any transient effects in short-pulse OPCPA or pump-depletion phenomena. However, solutions (4) and (5) are instructive, as they provide, as our analysis shows [dashed lines in Figs. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , helpful approximate analytical expressions for the energies of the signal and idler fields in the regime of undepleted pump.
In the opposite limiting case of complete pump depletion, the Manley-Rowe relations [48] applied to pulses whose pulse widths remain almost constant through the entire OPCPA process yield ( )
( )
where τ j are the pulse widths and the seed energy in either the signal or the idler input field is assumed to be much lower than the pump energy.
As our analysis presented below shows, Eqs. (6) and (7) provide accurate predictions for the asymptotic upper-bound limit for the signal and idler energies [dotted lines in Figs. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , serving as a guide that helps choose the crystal thickness for each OPCPA stage.
Results and discussion

Model verification
Before proceeding with the analysis of LWIR generation, we verify our model by examining an idler-seeded OPCPA in ZGP crystals as implemented in recent experiments by Sanchez et al. [15] , yielding a short-pulse idler output on the long-wavelength side of the mid-IR range. In Fig. 2 , we present the results of extended coupled-wave analysis for a collinear oee OPCPA in three ZGP crystals pumped by 10-ps, 2.04-μm laser pulses and seeded by negatively chirped 3.3-ps pulses with a central wavelength of 7.0 μm and a spectrum corresponding to a transform-limited pulse width of 100 fs. Figure 2 (a) displays a map of the OPCPA coherence length l c = π/|δk|, where δk = k 1 -k 2 -k 3 is the wave-vector mismatch, calculated as a function of the idler wavelength and the angle θ. All the three ZGP crystals are oriented at an angle θ = 52.9 о in the considered OPCPA scheme to phase match the parametric amplification of the 7.0-μm seed. The energy of 2.04-μm laser pulses used to pump the three OPCPA stages are set equal to 0.2, 4, and 10 mJ. In the first OPCPA stage, the idler field grows from the seed level [80 pJ, the dotted line in Fig. 2 [15] , showing that, although our model does not include the nonlinear phase shift and spatial self-action, it still provides an adequate quantitative description of the key tendencies in shortpulse OPCPA near the long-wavelength edge of the mid-IR range.
Idler-seeded OPCPA in the LWIR range
With the predictive power of our model confirmed by comparison with recent experiments performed in the long-wavelength region of the mid-IR spectral range, we are now in a position to demonstrate that broadband OPCPA is ideally suited to deliver a high-peak-power short-pulse output in the LWIR spectra range. To this end, we examine broadband OPCPA in nonlinear crystals transparent through most of or through the entire LWIR range, such as GaSe and AGSe [green and purple curves in Fig. 1(a) ].
An idler output with even longer wavelengths can be generated . The spectrum of this idler-wave OPCPA output supports transform-limited pulse widths of 100 fs at 13 μm and at 16 μm, corresponding to 2.3 and 1.9 field cycles at these central wavelengths. о AGSe crystals pumped by 10-ps, 2.04-μm laser pulses with energies of 0.2, 4, and 10 mJ, respectively, and seeded by negatively chirped 3.3-ps, 80-pJ pulses with a central wavelength of 13 μm and a spectrum corresponding to a transform-limited pulse width of 100 fs, (b) the coherence length for this OPCPA process as a function of the idler wavelength and the angle θ with the spectrum of the idler output of the three-stage OPCPA shown on top, (ce) the energies of the signal (red) and idler (blue) fields as functions of the propagation path inside the first (c), second (d), and third (e) AGSe crystals, and (f) temporal envelopes of the pump (green dots), signal (red solid), and idler (blue dashes) pulses at the output of the threestage OPCPA. Also shown are the solutions (4) and (5) (dashed lines), the Manley-Rowe upper-bound values of the signal and idler energies, as defined by Eqs. (6) and (7) (dotted lines), and the seed energy (dash-dotted line). 
Signal-seeded OPCPA in the LWIR range
In Figs. 6 and 7, we illustrate the performance attainable with the second OPCPA approach, where the OPCPA is seeded through the signal rather than the idler input, thus allowing a radical simplification of the OPCPA apparatus at the expense, perhaps, of CEP stability. For the convenience of comparison, the input pulse width of the signal seed in calculations presented in Figs. 6 and 7 (3.3 ps) is chosen equal to the input seed pulse width in calculations for the idler-seeded OPCPA in Figs. 3-5. However, since the seed pulses on both OPCPA schemes are chirped in such a way that their transform-limited pulse width is equal to 100 fs, dispersion of a nonlinear crystal leads to pulse stretching. Because dispersion at the idler wavelength noticeably differs from the dispersion at the signal wavelengths, the amplified output pulse width in the idler-seeded OPCPA [Figs. [3] [4] [5] is different from that in OPCPA with a signal seed [Figs. 6, 7] .
When seeded with negatively chirped 3.3-ps pulses with a central wavelength of 2.38 μm, collinear eoo OPCPA in three AGSe crystals [Figs. 6(a)-6(e)], all tilted at θ = 43.6 о , yields a broadband output with a spectrum centered at λ 3 ≈13.5 μm [ Fig. 6(b) ]. The energy of this LWIR signal at the output of the third crystal [ Fig. 6(e) ] is about 0.44 mJ. The transformlimited pulse width of this signal is about 100 fs, which corresponds to 2.2 field cycles. An eoe OPCPA process in three AGSe crystals with θ = 48.8 о seeded with negatively chirped 3.3-ps pulses at 2.34 μm [Figs. 7(a)-7(e) ], on the other hand, delivers an idler-wave output centered at λ 3 ≈16 μm [ Fig. 7(b) ] with an energy of about 0.28 mJ [ Fig. 7(e) ] and a spectrum corresponding to a transform-limited pulse width of 100 fs [ Fig. 7(b) ], which corresponds to 1.9 field cycles. о AGSe crystals pumped by 10-ps, 2.04-μm laser pulses with energies of 2, 40, and 500 mJ, respectively, and seeded by negatively chirped 5.5-ps, 80-pJ pulses with a central wavelength of 2.38 μm and a spectrum corresponding to a transform-limited pulse width of 200 fs, (b) the coherence length for this OPCPA process as a function of the idler wavelength and the angle θ with the spectrum of the idler output of the three-stage OPCPA shown on top; (c -e) the energies of the signal (red) and idler (blue) fields as functions of the propagation path inside the first (c), second (d), and third (e) AGSe crystals, and (f) temporal envelopes of the pump (green dots), signal (red solid), and idler (blue dashes) pulses at the output of the three-stage OPCPA. Also shown are the solutions (4) and (5) (dashed lines), the Manley-Rowe upper-bound values of the signal and idler energies, as defined by Eqs. (6) and (7) (dotted lines), and the seed energy (dash-dotted line).
LWIR OPCPA with a high-peak-power pump
To understand the approaches whereby OPCPA technologies enabling the generation of ultrashort high-peak-power pulses in the mid-IR [5] [6] [7] [8] could be extended to the LWIR range, we consider broadband OPCPA in ZGP, GaSe, and AGSe crystals pumped by 2.04-μm laser pulses with an energy up to 542 mJ. Such a level of pulse energy is attainable with Ho: YLF [44] , as well as with Cr, Tm, Ho: YAG [45] lasers, albeit currently not in the picosecond, but in the nanosecond Q-switching operation mode. With OPCPA solutions for high-peak-power short-pulse generation in the mid-IR [5] [6] [7] [8] used as a guidance for minimizing unwanted nonlinear phase shifts and spatial self-action, we set the pump pulse width in our LWIR OPCPA scheme at 100 ps. With a seed delivered in negatively chirped 42-ps pulses at 2.73 μm, an OPCPA system consisting of three ZGP crystals oriented at θ = 52 о can then deliver an LWIR output with a central wavelength λ 3 ≈8.2 μm and an output energy of 36.9 mJ, compressible to a transform-limited pulse width of 260 fs (Table 1 ). An OPCPA based on three θ = 11 
OPCPA in the LWIR range: examining options
We are now in a position to compare the performance of various OPCPA schemes for the generation of ultrashort pulses in the LWIR range. As can be seen from the absorption spectra presented in Fig. 1(a) , the ZGP crystal, despite its excellent performance at the longwavelength edge of the mid-IR range [15] , is not suitable for LWIR generation with λ > 10 μm as its loss rapidly grows in this wavelength range [blue solid line in Fig. 1(a) ]. The AGSe crystal, on the other hand, is an especially attractive option for short-pulse LWIR generation as this material is transparent within the entire LWIR range and even beyond this range, up to wavelengths as long as 20 μm [purple dash-dotted line in Fig. 1(a) ]. The damage thresholds for all the three materials are comparable, falling in the range of a few J/cm 2 for ~100-ps pulses in the 2 -3-μm wavelength region [27, 30, [49] [50] [51] .
Typical parameters of long-wavelength OPCPA systems attainable with ZGP, GaSe, and AGSe crystals are summarized in Table 1 . As a general tendency, the ZGP and GaSe crystals provide the highest gain in the OPCPA scheme, allowing the thicknesses of nonlinear crystals in all the OPCPA stages to be reduced, thus minimizing high-order dispersion effects and nonlinear phase shifts. However, in addition to the limited transmission window in the LWIR range [solid line in Fig. 1(a) ], ZGP crystal suffers from a narrow OPCPA gain band, as the dispersion of ZGP supports broadband phase matching only near the edge of its transparency region [the flat region of the phase-matching map in Fig. 2(b) ]. The GaSe crystal, as can be seen from Fig. 3 and Table 1 , is well-suited for the generation of ~100-fs pulses around 10 μm [Fig. 3] . The AGSe crystal, on the other hand, is not only transparent within the entire LWIR range [purple line in Fig. 1(a) ], but also supports the broadest phase matching among all three materials considered here (Table 1) provides additional wavelength tunability of the LWIR OPCPA output. In particular, OPCPA in AGSe with eoo and eoe phase matching can deliver a short-pulse LWIR output with a pulse width of 100 fs centered at 13 μm [ Fig. 4] and 16 μm [Fig. 5 ], respectively. Figs. 3(b)-7(b) ]. However, the efficiency of idler-wave parametric amplification is generally much higher than the efficiency of signal-seeded OPCPA. This is largely due to two factors. First, due to the Manley-Rowe-type photon-number conservation [see Eqs. (6), (7)], parametric amplification of an idler wave is generally more efficient than the parametric amplification of a signal field. Second, the dispersion-induced stretching of the idler pulse in our OPCPA scheme is stronger than the stretching of the signal pulse, which reduces the group delay and spatial walk-off of these pulses relative to the pump. As a result, the output pulse in idler-seeded OPCPA is noticeably longer than the input seed pulse [Figs. 3(f), 4(f), 5(f)]. However, with a proper optimization of the OPCPA scheme, this dispersioninduced pulse stretching does not reduce the OPCPA gain bandwidth. Specifically, the output spectrum of the idler-seeded OPCPA in Figs. 4(b) , 5(b) is compressible to a transform-limited pulse width as short as 100 fs.
As an important advantage, OPCPA with a signal seed does not require an additional stage for seed generation since a suitably red-shifted seed can be generated through a frequency broadening of the pump field in the bulk of mid-IR transparent solid or via soliton self-frequency shift in a properly designed optical fiber, e.g., a photonic-crystal fiber [36, 37] . However, as a reward for an additional complexity of idler-seeded OPCPA, the carrierenvelope phase (CEP) of the parametrically amplified field in this scheme is intrinsically stable.
Analysis of OPCPA pumped with high-peak-power pulses shows that, unless nonlinear phase shifts and spatial self-action effects start to play a noticeable role, OPCPA efficiencies comparable to those attainable in the low-power regime can be achieved for short-pulse OPCPA output energies as high as 20 -40 mJ [ Table 1 , Figs. 8-10 ]. However, to provide this level of OPCPA efficiencies, we had to take seed pulses with a smaller bandwidth, thus limiting the spectral bandwidth and, hence the minimum pulse width of the OPCPA output. In this regime, ultrashort pulses with a peak power up to 100 -180 GW could be generated within a broad wavelength range from approximately 8 to 16 μm [Figs. 8-10 and Table 1 ].
Conclusion
To summarize, our coupled-wave analysis of OPCPA in LWIR-transparent nonlinear crystals reveals regimes whereby high-peak-power few-cycle pulses can be generated in the longwavelength infrared (LWIR) spectral range. Broadband OPCPA in suitable nonlinear crystals pumped at around 2 μm and seeded either through the signal or the idler input is shown to enable the generation of high-power field waveforms with pulse widths shorter than two field cycles within the entire LWIR range. 
